Abbreviations
CBF, cerebral blood flow CSFP, cerebrospinal fluid pressure SSP, sagittal sinus pressure MAP, mean arterial pressure CPP, cerebral perfusion pressure CVP, central venous pressure Acute increases in CBF are implicated in the pathogenesis of periventricular-intraventricular hemorrhage in preterm infants (1, 2) . The theoretical mechanisms by which acute increases in CBF are said to produce periventricular-intraventricular hem.. orrhage involves the development of excessive volume and transmural pressure loads in the delicate microvasculature of the periventricular germinal matrix. Vessel rupture and hemorrhage occurs if the transmural pressure load exceeds a certain critical pressure. Although the production of microvascular volume and transmural pressure load is central to this theory of the pathogenesis of periventricular-intraventricular hemorrhage, no studies to date have looked at the cerebrovascular hemodynamics and the determinants of these volume and pressure loads during an acute increase in CBF.
The aim of our study was to examine cerebrovascular hemodynamics during an acute increase in CBF in the newborn dog, and recovery from an acute asphyxic insult was chosen for the study because an acute increase in CBF was expected. The dynamic alterations in CSFP, SSP, CVP, MAP, and CPP prior to and during this acute recovery phase were studied. Conclusions concerning cerebral vascular volume loads and transmural pressure loads were drawn from these acute pressure changes.
MATERIALS AND METHODS
Animal preparation. Seven newborn mongrel dogs, age [1] [2] [3] [4] [5] [6] days, weighing 404 + 22 g (mean * SEM) were studied. After being weighed, each dog was anesthetized with intravenous sodium pentobarbital (10-20 mg/kg, Abbott Labs, N. Chicago, IL), paralyzed with pancuronium bromide (100-200 pg/kg, Organon Inc., W. Orange, NJ), intubated orotracheally, and ventilated with a small animal ventilator (Haward Apparatus, Southwick, MA) to maintain arterial p02 greater than 50 ton and pco, between 35 and 48 tom. Rectal temperature was monitored continuously and servocontrolled to 37" C using an overhead radiant heat source. Under local anesthesia (2% lidocaine hydrochloride, Elkins-Sinn, Cherry Hill, NJ) both femoral arteries and veins were cannulated with PE 50 polyethylene catheters (Intramedic, Clay Adams Co., Parsippany, NJ), and used to measure MAP, CVP, and for arterial and venous access. To measure cardiac output and organ blood flows using the reference organ modification of the radiolabeled microsphere technique (3), a similar catheter was passed into the left ventricle via the left carotid artery and used for microsphere injection, while one of the femoral artery catheters was used as the reference organ withdrawal catheter.
Following placement of these catheters, the dog was placed in the left lateral position and the anterior fontanelle was exposed via a small skin incision. The sagittal sinus was then cannulated with a 23-gauge Teflon cannula (Angiocath, Deseret Co., Sandy, UT), and this cannula was used to measure SSP. Finally, a 23-gauge needle was passed percutaneously into the cisterna magna and used to measure CSFP. Thereafter a 45-min recovery period preceded the onset of the study. The animal remained in the left lateral position for the duration of the study in order to eliminate positional hydrostatic pressure differences, and all pressure zero calibrations were referenced to the midspinal level with the animal in this position.
Experimental protocol and methods. The experimental protocol involved four sequential study periods (I-IV) as shown in Figure 1 . Following baseline measurements (period I), each animal was subjected to an asphyxic insult produced by discontinuing mechanical ventilation. A 7Yz-rnin asphyxic insult was planned. However, severe hypotension and bradycardia forced foreshortening of the length of the insult in several animals. Mechanical ventilation was recommenced at the end of the insult, and period I1 measurements were made in the ensuing acute recovery phase. Periods I11 and IV represent later recovery periods 20 and 40 min after period 11, respectively. In two animals, period IV measurements were not performed because microsphere chamber damage resulted in considerable leakage and injection of insufficient microspheres.
SSP, CSFP, CVP, and systemic arterial pressure were measured and recorded continuously using precalibrated pressure transducers (Gould Statham P23 ID, Gould Inc., Cleveland, OH) and a four channel amplified recorder (Gould Inc.). MAP was calculated from the arterial tracing as Y3 systolic plus 7 3 diastolic pressure. CPP was calculated as MAP minus SSP. Because period I1 is a period of marked changes in these pressures, the dynamic alterations in cerebrovascular hemodynamics during this period were further delineated by determining pressures immediately prior to the onset of recovery and at their individual peaks (or nadir in the case of CVP), during the recovery. These are termed the pre-I1 and I1 pressures, respectively. The time course of each of these pressure changes was also determined.
Arterial pH, pco2, and poz were determined at each study period (Radiometer BMS 3 Mark 2 analyzer, Copenhagen, Denmark), as was the hematocrit. Measurements were made immediately before the flow measurements, except in period 11, where the specimen was taken at the end of the flow measurement.
Cardiac output and regional CBF measurements were made at each study period using the reference organ modification of the radiolabeled microsphere technique (3). The period I1 flow measurements were initiated during the rise in MAP associated with the acute recovery. The preparation and use of the microspheres in this laboratory have been outlined previously (4) , and follow the principles and recommendations of Heymann et a1 (5) . Briefly, four species of 15 p microsphere were used ("Sr, I4'Ce, "Nb, and "Cr), with 300,000-350,000 microspheres being injected at each study period. The order of the microsphere injections in a particular experiment was determined from a computer generated random table. The reference organ withdrawal rate was 1.58 ml/min and the withdrawal was started 10 s before the microsphere injection and continued for 90 s after the injection. Well mixed microspheres were injected into the left ventricle over 10-15 s using 0.5-0.75 ml N saline to flush the injection chamber. The left ventricular catheter was further flushed with a small volume of N saline. Previous studies in our laboratory using simultaneous brachial and femoral arterial withdrawals and bilateral femoral arterial withdrawals have documented good microsphere mixing with this technique (4). After each flow determination, 3 ml of adult dog whole blood was infused over several minutes to replace the arterial blood gas and withdrawal sample.
Although the focus of the study was on the cerebrovascular events surrounding the acute recovery period, CBF measurements were not made at the end of asphyxia because of technical problems associated with the use of the microsphere technique under these conditions. These problems include difficulty of obtaining the reference organ withdrawal sample during profound hypotension, and incomplete sampling because of the low cardiac output. In addition, the considerable variability in the individual animal's response to asphyxia presented difficulties in deciding the timing of the onset of the measurement.
At the conclusion of the study the animal was rapidly euthanized with an intravenous bolus of 50 mg sodium pentobarbital, and positions of the left ventricular and central venous catheters were verified. The brain was then removed and divided into right and left cerebral hemispheres, cerebellum, (including midbrain) and brainstem, and these tissues were processed and counted along with the injection chamber and reference organ withdrawal samples. These counts were then used to determine cardiac output and regional CBF measurements for each cerebral hemisphere and for the combined cerebellum and brainstem using procedures previously reported (4). Insufficient microspheres in brainstem samples (less than 400) prevented separation of flows in the infratentorial regions. Finally, absolute and percentage change from baseline (period I) of combined cerebral hemispheric and combined cerebellar-brainstem blood flows were calculated for periods 11, 111, and IV.
Statistical analysis. One way analysis of variance with repeated measures and Newman-Keuls multiple comparison were used to analyze sequential pressure, flow and biochemical data for periods I to IV. Results of SSP, CSFP, CVP, MAP, and CPP at the end of the asphyxic period (pre-I1 pressure measurements), and during the acute recovery (I1 pressure measurements) were incuded in the analysis of pressure variables. The two missing data points for period IV were estimated using standard tests (6) so that the analyses could be performed as a repeated measures analysis. The comparison of combined cerebral hemispheric flows to combined cerebellar-brainstem flow within each period, the comparison of right hemispheric to left hemispheric flows, and the comparison of percentage change from baseline for each region in period I1 versus I was performed by paired t test analysis.
All results are presented as mean f SEM.
RESULTS
The duration of the asphyxic insult varied from 5 to 7% min (mean 6% min) with shorter asphyxic insults being dictated by the development of severe bradycardia and hypotension. The results of arterial pH, pco2, po2, and hematocrit are shown in Table 1 . Arterial pol varied considerably, but was more than 50 tom in all animals. This is above the level of po2 expected to influence CBF in this model (7) . As expected, there was significant acidosis and hypercarbia in period I1 ( p < 0.005 for pH and pco2). Hematocrit values did not vary during the study, and arterial pco2 in periods I, 111, and IV did not differ. In addition, pco2 levels varied by less than 5 ton in each animal during periods I, 111, and IV.
Regional CBF results for the combined cerebral hemispheres and the combined cerebellar-brainstem are presented in Figure  2 . Blood flow to both regions was markedly elevated during the acute recovery period (period 11) compared to all other periods ( p < 0.005). Cerebral hemispheric blood flow was 69.6 * 10 ml/ 100 g/min in period 11, representing a 250 + 39% increase from the baseline (period I) levels of 19.9 k 1.8 m1/100 g/min, and had returned to baseline levels in period 111 (2 1.6 & 1.7 m1/100 g/min) and period IV (20.4 a 1.8 m1/100 g/min). Blood flow to the combined cerebellar-brainstem region was 204.2 a 19.3 ml/ 100 g/min in period 11, representing a 536 & 29% increase from the baseline (period I) levels of 32.0 k 1.5 m1/100 g/min, and had returned to baseline levels in period 111 (37.8 f 4.3 m1/100 g/min) and period IV (32.3 m1/100 g/min). In each study period, blood flow to the combined cerebellar-brainstem region was significantly elevated with respect to flow to the cerebral hemispheres ( p < 0.005), and the percentage increase from baseline (period I) for the cerebellar-brainstem region in period I1 is significantly greater than that for the cerebral hemispheres ( p < 0.005).
The effect of the left carotid artery ligation on differential hemispheric blood flow was determined by comparing the paired right and left hemispheric blood flows in each period. The results are presented in Table 2 and show that left hemispheric flows were consistently less than right hemispheric flows, except in period IV where only five comparisons were available. However, as also shown in Table 2 , when the flows to the individual hemispheres were considered, the results of the comparisons of period I1 to all other periods were essentially the same as those obtained when the hemispheric flows were combined. In addition, the comparison of infratentorial flows to the flows to either hemisphere produced significance similar to that obtained when the combined flows were considered. Thus, despite an effect of carotid ligation on differential hemispheric blood flow, the responses of the individual hemispheres during the study were similar, and similar results are obtained when either the individual or combined results were used in the flow analyses.
Cardiac output did not differ during the study, being 190 +- to IV, respectively. The dynamic changes in cerebrovascular pressures during the acute recovery phase (period 11) were of particular interest in this study. These changes are illustrated by the representative tracing shown in Figure 3 , and by comparison of the pre-I1 and I1 pressure measurements in Table 3 . Figure 3 is a representative tracing of the pressure changes accompanying asphyxia and early recovery. It shows the moderate hypotension at the end of a 7%-min asphyxic insult in this animal, and the abrupt increase in systemic arterial pressure during the acute recovery period. Associated with this rise in arterial pressure, but following it by some 10-15 s in this example, is an acute parallel rise in both Table 1 . Phvsioloaic data for ~eriods I-ZV (mean & SEM)
(7) Representative tracing of SSP, CSFP, systemic arterial blood pressure, and CVP during asphyxia and acute recovery. The tracing is noncontinuous and consists of a panel at the onset of asphyxia ("ventilator off;" 0 min), a panel during asphyxia (2 min), and a panel during late asphyxia and acute recovery. The asphyxic insult in this animal lasted 7.5 min, and ends with "ventilator on." During the acute recovery, there is an abrupt increase in systemic ABP, equal increases in SSP and CSFP, and a decrease in CVP. The pre-I1 and I1 pressure measurements (see text and table 2) are taken just prior to the end of the asphyxia (pre-I1 pressures), and at the peak or nadir of the individual pressure changes during recovery (I1 pressures).
CSFP and SSP. CVP, elevated with respect to baseline at the end of the asphyxic insult, falls during the acute recovery period, and thus is not a determinant of the rise in SSP. Table 3 shows the results of the MAP, SSP, CSFP, CPP, and CVP measurements for periods I to IV for all animals, and includes the pressure measurements at the end of the asphyxia (pre-I1 measurements) and during the acute recovery (I1 measurements). There were no significant differences between individual pressure measurements in periods I, 111, and IV. The baseline (period I) MAP of 45.7 5 4.5 mm Hg is in agreement with previous experience in barbiturate anesthetized dogs of this age (8) . By the end of the asphyxia (pre-11), MAP had fallen to 21.3 + 4.5 mm Hg ( p < 0.01 versus all other periods), but increased abruptly during recovery to peak at 69.6 + 6.0 mm Hg The CPP during the acute recovery (represented by the I1 results) was calculated as the peak MAP minus the peak SSP. Note however, that the time lag between the MAP peak and the SSP peak, as illustrated in Figure 3 , results in a briefly higher CPP during the early phase of the acute recovery. A similar time lag between these pressure peaks was seen in four of the seven animals (maximum lag 10-1 5 s). 
DISCUSSION
Changes in cerebrovascular hemodynamics accompanying acute increases in CBF are implicated in the pathogenesis of periventricular-intraventricular hemorrhage. The correlation of hemodynamic changes accompanying an acute increase in CBF is hampered by current technical difficulties involved in the continuous measurement of CBF, and thus changes in flow can be determined only by comparison of serial measurements. As mentioned earlier, technical difficulties precluded CBF measurements at the end of asphyxia in our study. However, previous work by Hernandez et al. (9, 10) and Hellman et al.
( 1 1) have studied CBF during asphyxia using a similar asphyxia model as ours, namely, respiratory cessation in paralyzed ventilated newborn dogs. These studies allow conclusions concerning CBF at the end of the asphyxic period in our study, and when combined with our results during the acute recovery phase, provide an estimate of the magnitude of the increase in CBF accompanying the recovery. Thus, Hernandez et al. (9, 10) measured regional CBF at 5 min of asphyxia using '4C-iodoantipyrine autoradiography and showed that blood flow was less than baseline for all areas except the pons, medulla, and spinal cord where it was 30, 80, and 83% above baseline, respectively. Recently, Hellman et al. ( I 1) extended the asphyxic insult to 7-8 min duration and using the same autoradiographic technique showed that regional CBF was less than or equal to baseline for all areas studied. On the basis of these studies, it seems reasonable to assume that regional CBF at the end of the asphyxic period in our study was less than or equal to baseline.
The baseline regional CBF results and the increased flow to infratentorial regions in our study concurs with previous data in newborn dogs (9, (12) (13) (14) . During the acute recovery phase the cerebral hemispheric and the combined cerebellar-brainstem flows increased 250 + 39 and 536 k 29% above baseline, respectively, with the percentage increase to the brainstem-cerebellum being significantly greater than that to the hemispheres ( p < 0.005). These flow measurements were completed within 2 min of the onset of recovery and thus, if the above mentioned assumption concerning flow at the end of the asphyxic period is valid, then these high flows developed rapidly. Also, because the measurement of CBF under such nonsteady state conditions as period I1 is confined to giving average or integrated flows over the study period, instantaneous flows may be higher. At 20 and 40 min after the onset of the acute recovery, blood flow had returned to baseline levels, indicating a short (<20 min) postasphyxic hyperemia.
The relative contribution of each of the various known determinants of CBF to the increased flows in period 11, and to the greater proportional increase in flow to the cerebellar-brainstem region, is speculative because none of the determinants is independently controlled, and because most are actually changing during the study period. However, it is known that an acute increase in arterial pressure results in a transient increase in CBF (15) . The magnitude of the increase in CBF accompanying an acute increase in arterial pressure may depend on the tone of the cerebral resistance vessels at the time of the pressure rise, with high flows occumng when the vascular resistance at the time of the pressure rise is low. Hypercarbia (13), hypoxia (7, 16) , and hypotension (17) are each known to lower cerebral vascular resistance under steady state conditions in the newborn dog. In our study, asphyxia is associated with significant hypotension, while studies by others in newborn dogs have shown marked hypercarbia and hypoxia during asphyxic insults of similar duration (9, 10) . Therefore the high flows seen in period I1 may be due to the marked acute increase in arterial pressure at a time when the vascular resistance is low due to the combined effects of the immediately preceding hypoxia, hypercarbia, and hypotension. The greater proportional increase in flow to infratentorial regions presumably reflects greater sensitivity of the resistance vessels in these areas to one or more of these flow determinants. Such regional differences in sensitivity are known to exist under steady state conditions of hypoxia and hypercarbia (16) . Overall, the flow portion of our study confirmed our expectation that acute recovery from asphyxia would be associated with a marked acute increase in CBF, although the specific determinants of this increase in CBF are speculative.
The behavior of the cerebrovascular circuit during the acute postasphyxial increase in blood flow was the main focus of this study. A cerebral microvascular volume load with the subsequent development of critical transmural pressures is central to any mechanical stress theory of microvascular rupture. Microvascular volumes and transmural pressures are obviously difficult to measure. However, the changes in MAP, SSP, and CSFP during the acute increase in CBF accompanying acute recovery from asphyxia allow certain conclusions concerning volume and transmural pressure loads in the cerebrovascular circuit during this acute hyperemia.
At any moment in time, the intracranial volume is the sum of brain tissue volume, cerebral blood volume, and CSF volume, with the total intracranial volume being related to intracranial pressure (i.e. CSFP) via the cranial compliance relationship (1 8). Changes in CSFP therefore reflect changes in intracranial volume with the magnitude of the pressure change accompanying a given volume change being a function of the cranial compliance relationship. Increases in cerebral blood volume are known to accompany hypercarbic-and hypoxic-induced increases in CBF (19) (20) (21) , and to accompany alterations in venous pressure in the open skull preparation (22) . In the latter, visible swelling of the brain occurred with obstruction of venous drainage, but brain water content did not increase, implying an increase in cerebral blood volume as the cause of the brain swelling. Assuming that neither the brain tissue volume nor the CSF volume are likely to increase during the brief time frame of the acute recovery period in our study, then the marked elevation in CSFP during our study indicates an increase in cerebral vascular volume. The compartment of the cerebral circulation in which this volume load develops is not addressed by this study.
Cerebral vascular transmural pressures accompanying the high flow/volume load can be determined from the MAP, SSP, and CSFP changes. The cerebral venous transmural pressure is the SSP minus CSFP, while the cerebral arterial transmural pressure is represented by MAP minus CSFP. In our experiment, SSP and CSFP are closely related, and parallel each other at all times, such that the calculated venous transmural pressure is always small. This close relationship between cerebral venous pressure and CSFP is known to exist over a considerable range of pressures (23, 24) , and is a result of the nature of cerebral venous hemodynamics, best described as a Starling resistor or vascular waterfall (23, 25) . Briefly stated, cerebral venous patency (and flow) requires cerebral venous pressure to be slightly greater than CSFP, a primary elevation of CSFP results in a tendency to cerebral venous compression with decreased outflow eventually leading to an increase in venous pressure and reestablishment of flow when the cerebral venous pressure exceeds CSFP; conversely, a primary increase in cerebral venous pressure increases the volume of the venous compartment of the total cranial volume, and hence the intracranial pressure (CSFP). The cranial compliance relationship assumes a central role in this cerebral venous pressure/CSFP interaction, because the compliance relationship dictates pressure changes occumng with volume changes, and vice versa, for either the cerebral venous or cerebrospinal fluid compartment.
Because of the close relationship between SSP and CSFP it follows that the cerebral perfusion pressure (i.e. MAP minus SSP) must always approximate the cerebral arterial transmural pressure (i.e. MAP minus CSFP). In our study, cerebral perfusion pressure (and therefore arterial transmural pressure) increased from 17.3 + 4.4 to 55.0 + 5.4 mm Hg during the first 20-30 s of the acute recovery period. Because of the time lag between the MAP and the SSP/CSFP peaks seen in four of the seven animals, the perfusion pressure (and the transmural pressure) exceeded this value for a brief period of time in these animals, and was attained earlier. The degree to which this acute increase in arterial transmural pressures is transmitted to the arterial side of the microvasculature, will depend on the cerebral vascular resistance, as determined by the tone of the resistance arterioles. For the reasons mentioned earlier, the tone of these resistance vessels is probably very low, and hence large transmural pressures may develop on the arterial side of the microcirculation during this acute high flow period. These elevated microvascular transmural pressures may be sufficient to cause vessel rupture and hemorrhage in the germinal matrix. Note, however, that the elevation of CSFP accompanying the acute increase in CBF considerably modifies the magnitude of the arterial transmural pressure load, and as such provides some protection against the development of large transmural pressure loads. The role of the cranial compliance relationship in the development of this increase in CSFP is important; indeed, if cranial compliance was near zero (i.e. rigid, fixed skull), then even small changes in cerebrovascular volume accompanying an acute increase in flow would be associated with large changes in intracranial pressure, thus markedly limiting changes in arterial transmural pressures. A more compliant cranium, such as that seen in the premature infant would afford less protection.
Finally, this study only considers the hemodynamic changes in the cerebrovascular circuit as a whole. If the conclusions concerning the development of large transmural pressures on the arterial side of the microvasculature are valid, and if these pressures do result in vessel rupture and hemorrhage in the germinal matrix, then additional local factors such as intrinsic microvascular weakness and/or differential (exaggerated) transmission of arterial transmural pressures must be invoked to explain the selective occurrence of hemorrhage in the germinal matrix.
In summary, acute recovery from a brief asphyxic insult is associated with a marked acute increase in regional CBF, systemic hypertension, and an intense elevation of both CVP and CSFP. The implications of the dynamic changes in MAP, CSFP, and SSP during this high flow state are discussed, and provide insight into the significance of the cranial compliance relationship as it relates to the development of cerebral vascular volume and transmural pressure loads. Assuming some intrinsic wlnerability of the microvasculature of the germinal matrix, we propose that the combination of acute increases in CBF and a relatively high cranial compliance may be important in the pathogenesis of periventricular-intraventrkular hemorrhage in premature newborn infants.
